Running Title: Future habitat suitability varies with resolution. 25 A wider range of temperatures are expected within our site when temperature is modelled at 49 finer resolutions. Fitting GLMs at different resolutions resulted in the inclusion of different 50 3 temperature variables in the best models. Coarser resolution models tended to have higher 51 prediction error, and different resolution models predicted that different amounts of the 52 landscape would remain or become suitable in future. There was less agreement between 53 models for C. glabratus than for P. versicolor. 54
A recently published microclimate model was used to predict maximum, minimum and mean 39 temperatures at 5 x 5 m resolution for the study site, under current and possible future 40 conditions. These temperature surfaces were then averaged to produce coarser resolution 41 surfaces, up to a maximum of 1 x 1 km resolution. Ground beetles were collected using pitfall 42 traps between May and August 2008. GLMs were fitted to the temperature surfaces to predict 43 the amount of landscape suitable for a northerly-distributed ground beetle, Carabus 44 glabratus, and the most southerly distributed ground beetle found at the site, Poecilus 45 versicolor, under current and possible future conditions. 46 47 (B) Results 48 4 2012) and changes in species' richness within an area following climatic warming (Hannah et 76 al., 2005; Menéndez et al., 2006; Huntley et al., 2007) . In the past, these climate envelope 77 studies have normally considered the associations between climate and species' distributions 78 at relatively coarse resolutions (usually 1 km 2 or coarser; commonly around 100 km 2 79 resolution in Britain, or 2500 km 2 in Europe). This corresponds to the availability of species' 80 distribution data (e.g. National Biodiversity Network, NBN, http://data.nbn.org.uk) and/or of 81 climate surfaces; and gives the capacity to run models quickly for large geographic areas. It 82 also corresponds to resolution at which climate is perceived to be an important factor when 83 determining distributions (McGill, 2010) . However, a recent study suggested that climate can 84 be important at finer resolutions (Gillingham et al., 2012) . In addition, some distribution 85 records are submitted with greater spatial precision and climate surfaces are increasingly 86 downscaled to finer resolutions (Guan et al., 2009) as computational power continues to 87 increase. This makes the prospect of producing fine-resolution bioclimate models 88 increasingly realistic (e.g. Montoya et al., 2009; Seo et al., 2009 ). Here we consider the 89 implications of modelling distribution change at different spatial resolutions. 90 91 A number of previous studies suggest that the spatial resolution of analysis could affect 92 estimates of species declines and extinction. Thomas & Abery (1995) found that the observed 93 decline rates of 12 British butterfly species were 35 % higher when estimated using a 4 km 2 94 grid than when based on a 100 km 2 grid. For Plebejus argus, the loss of 90 % of the local 95 populations resulted in a loss of only 56 % of 4 km 2 grid squares. Similarly, Thomas et al., 96 (2006) found that much higher rates of retraction at low latitude/elevation range boundaries 97 were detected when they were measured using a 1 km 2 grid than when using a 100 km 2 grid. 98
This may be a particular issue in mountainous regions, where coarse-resolution grid cells may 99 contain a wide range of environments and population densities (Shoo et al., 2006) . Within 100 5 such a grid square, there is likely to be a wide range of microclimatic conditions (Ashcroft et 101 al., 2009), potentially resulting in the presence of locally-suitable conditions for species at 102 their thermal margins, the existence of which might not be apparent at a coarser resolution. 103
Many species are associated with locally suitable microclimates at their range margins, where 104 the coarser-scale mean climate is less suitable than at the centres of their ranges (Thomas et 105 al., 1999; Bryant et al., 2002; Lennon et al., 2002; Stefanescu et al., 2004) . Thus, models that 106 utilise fine resolution data should be more accurate than those using coarse resolution climate 107 data (Ferrier et al., 2002) in areas of high relief and for predicting the likely persistence of 108 species in small areas such as individual nature reserves. 109
110
These resolution issues mean that estimates of rates of decline under climatic change may be 111 either too high or too low when using coarse resolution data and model projections. There is a 112 possibility that coarse resolution models will overestimate the area available to species 113 (Trivedi et al., 2008) if, for example, a species only lives in the coldest 1 % of a coarse-114 grained grid cell, which contains a heterogeneous mix of different microclimatic conditions, 115 but statistically appears to be able to inhabit the mean temperature of the grid square. Under 116 modest climate warming, the coldest 1 % may become unsuitable for the species, even if the 117 average temperature of the grid square still appears to remain suitable. Under this 118 circumstance, a coarse resolution model may be slow to predict the disappearance of thermal 119 refugia, and may therefore underestimate the rate of decline. Alternatively, however, fine 120 resolution models may predict the persistence of these thermal refugia for longer into the 121 future with climatic warming than do low resolution models (Randin et al., 2009 ). So far, 122
there are very few studies that have attempted to discover whether over-or under-estimation 123 of declines is likely to be projected using coarse resolution models. Those that have been 124 attempted have been restricted to plants, which, being sessile, might be expected to have a 125 6 different propensity to survive in spatially restricted thermal refugia than more mobile 126 organisms. 127 128 Previous studies that explored the implications of using models at different spatial resolutions 129 interpolated fine-resolution climate surfaces using lapse rates (i.e., adjusting local 130 temperatures to take account of the local elevation; Trivedi et al., 2008; Randin et al., 2009) . 131
However, variation in aspect and slope can have even larger effects than elevation on local 132 temperature (Suggitt et al., 2011) . Given this uncertainty, and contrasting conclusions in the 133 literature, it is not clear whether fine-resolution analysis is expected to predict reduced 134 (Trivedi et al., 2008) or increased (Randin et al., 2009) persistence, compared to coarse-135 resolution analyses. Here, we present the first study to compare the effects of different 136 resolution models on predicted landscape suitability for a species where the effects of slope, 137 aspect, hill-shading and elevation on local temperatures are included. 138
139
In this study, we sampled the abundance of ground beetles from within a single 10 x 10 km 140 square ( Figure 1 ). Because ground beetles are predatory, they should not be directly limited to 141 particular vegetation types, although some preferences may be caused due to the 142 microclimate experienced under different canopies. The study site is an area with substantial 143 topographic variation, which thus gives a range of predicted temperatures depending on the 144 resolution of the data (Figure 2 ), and sampled 1 km grid squares sometimes contained both 145 sample locations where species were present and those where they were absent (e.g. see 146 Figure 1 ). Because our records have a spatial precision of 5 m and include abundance data 147 rather than presence/absence data, we were able to use them to answer several questions: Trapping effort, corresponding to the proportion of the trapping effort that was lost to damage 239 at each location (e.g., loss of two of the five pitfall traps at a given location in one month), 240 was included as a log-offset in all models to allow for variations in catch caused by damage 241 to pitfall traps. An indication of model fit was calculated using the function cv.glm in the boot 242 package in R. The default leave-one out cross validation was used to calculate adjusted 243 prediction error. To give an indication of how informative our models were, delta-AIC was 244 calculated by subtracting AIC of the intersect-only model from AIC of the selected model. All 245 possible models were fitted, and as the models were to be used to illustrate predicted 246 scenarios, the best model was selected as the one with lowest prediction error. However, 247 because there is co-linearity within our explanatory variables (see Table S1 in Supporting 248 Information), we fitted models in three additional ways to increase confidence in our 249 conclusions. We additionally removed correlated variables (see Tables S2-S3 and Figures S1-250 11 S2), we selected the best model using Multimodel Inference (see Tables S4-S5 and Figures  251   S3-S4) and we selected the best model by backwards stepwise regression using AIC (see  252   Tables S6-S7 and Figures S5-S6 ). These methods have been found to be effective when 253 dealing with correlated explanatory variables (Smith et al., 2009 ). All statistical analyses 254 were carried out in R version 2.9.0 (R Development Core Team, 2008). 255
256
Coarser resolution temperature surfaces were generated by blocking up the data in 100 m 257 increments using the mean value of the enclosed 5 m cells, to a maximum of 1 km resolution 258
(for examples see Figure 2 , note that resolution refers to the length of the side of each cell, 259 such that 100 x 100 m cells are referred to as "100 m resolution"). GLMs were refitted to 260 these lower resolution layers as before. Where more than one sampling location fell within a 261
given coarse resolution cell, both abundance and trapping effort values were pooled to create 262 one value for each variable per cell, such that coarse resolution cells containing more than 263 one trapping location had much higher values for trapping effort. The trapping effort offset 264 was retained in all models because it reflects the way the data were collected and 265 manipulated. The microclimate model was used to predict hourly temperature surfaces for the site for 282 temperature increases in half degree steps to 6 ºC, which is the central estimate of the 283 maximum predicted by 2085 for the UK under the maximum emissions scenario 284 (http://ukclimateprojections.defra.gov.uk). This resulted in slightly uneven warming across 285 the site, with cooler areas warming slightly more than hotter ones, thus reducing the range of 286 available temperatures within the site. This approach was used in order to compare the effects 287 of data resolution on future predictions and it is not within the remit of our study to comment 288 on the likelihood of future scenarios of climatic change. 289
290
The 5 m resolution future temperature surfaces were again blocked to the resolutions 291 previously used, and the respective model equations derived previously were applied to these 292 future surfaces to predict the abundance of C. glabratus and P. versicolor. A threshold of one 293 or more individuals predicted to be present within a cell given a maximum sampling effort of 294 4 months of continuous capture in five pitfall traps (which corresponds to our sampling 295 season with no damage to traps) was used to estimate the percentage of the total landscape 296 that is expected to be climatically suitable for the species with each temperature increase, 297 based on these models. This corresponds to our ability to detect the species at any particular 298 location, if it is present. One individual present in a trap would be likely to indicate larger 299 numbers present in the immediate environment, as pitfall traps do not trap 100% of 300 13 individuals present, rather provide an indication of activity density (Baars, 1979) . We have an 301 important caveat here. Our purpose is to illustrate the role of spatial resolution on projections, 302 and not to make a specific prognosis for C. glabratus or P. versicolor. The latter would 303 require the inclusion of more sample points and species-specific data (e.g., spatial scales of 304 movement and persistence, see above; additional prey or habitat data and a quantified 305 relationship between population density and detection probability), and testing of the 306 predictive accuracy of the regression models over a number of years. It is not within the remit 307 of this study to discover the relationship between the number of trapped individuals and 308 whether a population is viable, as this information is not available for the majority of species 309 for which climate envelope modelling is undertaken. The microclimate surfaces are illustrated using July maximum temperatures (T max, see Figure  316 2). The range of T max values that appeared to exist within the landscape decreased greatly as 317 one moved from a 5 m resolution analysis (11.2 ºC range; 22.4 ºC to 33.6 ºC) to 1000 m 318 resolution (3.9 ºC range; 26.1 ºC to 30.0 ºC). This compares to the maximum temperature of 319 23.5 °C recorded at the Lake Vyrnwy meteorological station for July 2008 (this temperature 320
is within a Stevenson screen at 1.5 m height, and hence tends to be lower than average T max 321 values estimated for the vegetation surface). In general, as the resolution of the analysis 322 became coarser, the range of temperatures declined, with the coolest observable locations 323 being warmer and the highest observable temperatures being cooler, although this effect was 324 much less marked for T mean and T min (Figure 3 The area projected to remain thermally suitable, following climatic warming for C. glabratus 370 within the study landscape, decreased in a non-linear fashion for all resolutions with 371 informative models (see Figure 4 ). Different resolutions of data/models resulted in different 372 rates of decline in the percentage of thermally suitable habitat associated with increasing 373 temperatures (Figure 4) . Following a 3 °C rise in temperature, one model predicted that < 1 374 % of the landscape would remain suitable (100 m resolution model), whilst one model 375 predicted that 67 % of the landscape would remain suitable (800 m resolution model). The 376 rate of decline was not predictable based on the resolution of the data used to fit models. 377 However, the informative models based on different resolutions did agree on one point -378 almost the entire landscape would be thermally unsuitable following a 6 °C rise in 379 temperature. 380
381
For the southerly-distributed P. versicolor, the percentage of the landscape predicted to be 382 suitable increased in a non-linear manner at all resolutions ( Figure 5 ). At current 383 temperatures, between 29% (at 100m resolution) and just under 41% (at 900m resolution) of 384 the landscape was predicted to be suitable. There was much more agreement between 385 resolutions about the rate of increase of suitability for this species, and all models except the 386 400 m resolution model agreed that the entire landscape would be suitable following a 2 °C 387 rise in temperature. 388
389
There is an important point to be made with regard to model selection, as different model 390 selection methods resulted in different variables being retained for any one resolution for 391 both species (see Tables S2-S7 ). For P. versicolor the retention of different variables had little 392 effect on the model predictions, and agreement was high between all of the different methods 393 ( Figures S2, S4 and S6 ). However, for C. glabratus the results were very different at any one 394 resolution depending on the model selection method used ( Figures S1, S3 and S5) . The most 395 robust conclusion is that almost all resolution models, regardless of selection method, 396 predicted that almost the entire landscape would be perceived as unsuitable following a 4 °C 397 rise in temperature. In a landscape such as ours, topography can change markedly over a scale of tens to hundreds 402 of metres, such that a coarser resolution cell may contain both north-and south-facing slopes, 403 as well as several hundred metres of elevational range. These differences in topography and 404 thus temperature conditions result in many coarse grid cells containing some areas that are 405 much cooler and others that are much hotter than average (Figure 2 ). Our analyses showed 406 that projections of future distributions are highly sensitive to this variation. 407
408
The statistical models (GLM) models that we fitted to the current distributions of our two 409 study species were consistent, and sensible, in that the northerly distributed C. glabratus was 410 mostly frequently encountered in the coolest parts of the landscape and that the southerly 411 distributed P. versicolor was predominantly found in the warmest locations (at all 412 resolutions). The finer resolution models generated the slowest rate of decline in the northern 413 C. glabratus and the slowest predicted increase in the southern P. versicolor (although 414 analyses for this species were far less sensitive to resolution). By modelling at resolutions far 415 coarser than the environments that individuals actually experience, we apparently 416 underestimated the capacity of northern C. glabratus to survive in small-scale refugia; a 417 finding typical of other studies that have used fine-resolution models (Gottfried et al., 1999; 418 Williams et al., 2003; Seo et al., 2009) , although these studies did not expressly compare 419 model resolutions. For the southern P. versicolor, the coarsest 1 km resolution analysis may 420 equally fail to identify warm microsites, and thereby under-estimate the potential for 421 colonisation. However, it was not as simple as this because different temperature variables 422 (annual mean, winter minimum, summer maximum) entered the models at different 423 resolutions, and under different model selection methods. This resulted in C. glabratus 424 appearing least sensitive to warming in some of the intermediate-resolution analyses. The 425 18 most conservative conclusion we can make is that that projected sensitivities to climate 426 warming are strongly dependent on the spatial resolution of analysis and the model selection 427 method. Nonetheless, we were able to find some agreement in that almost all models 428 predicted that the entire landscape would be perceived as unsuitable for C. glabratus 429 following a 4 ºC rise in temperature. 430
431
There are two comparable studies, which reached opposite conclusions on the effect of 432 resolution on the apparent suitability of a landscape following climatic change. Randin et al., 433 (2009) projected higher levels of persistence for high-resolution models of plant distributions 434 in the Swiss Alps, whilst Trivedi et al., (2008) found lower projected persistence in high 435 resolution models of Scottish plants than in coarse resolution models. Both studies used 436 elevation as the sole means for interpolating temperature to finer resolutions (i.e. colder at 437 higher elevations), without considering the effects of slope and aspect. North and south 438 facing slopes can differ by as much as 7 ºC (Suggitt et al., 2011) , so the coldest place within a 439 landscape may be on a polewards-facing slope rather than at its highest point. However, 440 topographic effects depend on the climatic variable considered (Suggitt et al., 2011) . Low 441 elevation areas may experience lower minimum temperatures than mid-elevations due to cold 442 air pooling (Geiger, 1973) , and the highest maximum temperatures are commonly found on 443 steep south facing hillsides (in the northern hemisphere) rather than at the lowest elevations 444 
